Atmospheric radon concentrations were monitored from autumn 2004 to winter 2007 in an abandoned coal mining area of SW Poland that contained various bedrock uranium contents, ranging from 1 to 8 ppm. Gamma spectrometric measurements of eU, eTh and K content in the bedrock were combined with radon-monitoring results at 77 points, obtained via Kodak LR-115 detectors. The average atmospheric radon concentration was high (70 Bq m -3 ), reaching its maximum in the tailing area (131 Bq m -3 ). Strong spatial and seasonal variations in atmospheric radon concentrations were observed. Spatial variations were correlated with changing basement uranium content. Seasonal changes were positively correlated with temperature and negatively with humidity, resulting in maximum atmospheric radon activity in the summer. The strong influence of local basement uranium content indicates its importance in planning monitoring campaigns.
track detectors (Kodak LR-115), which were exposed at a height of 1.5 m above ground. Data collection was repeated every 3 months, corresponding to the seasons of the year. After their exposure, detectors were etched for 90 minutes in 2.5 M NaOH. Tracks were counted using an optical microscope at 100× magnification. Track densities were converted into radon concentration using calibration coefficients, as described by Srivastava et al. (1995) . As a result of monitoring for each position, up to 10 seasonal results were obtained. In some cases, however, detectors were lost during seasonal exposure. Thus, the number of successfully exposed detectors was somewhat lower than 77.
For each monitoring position, the uranium content of the bedrock was measured using an Exploranium GR-320 gamma radiation spectrometer with the standard NaI (Tl) GPX-21A detector having 0.35 L volume. According to its specifications, impulses supplied by the detector probe were classified using channels 70-204 from the 256 channels in the spectrometer, covering the energy window between 850 and 2810 keV. Three bands, Regions of Interest (ROI), which correspond to energy windows of the radionuclides 40 K, 214 Bi and 208 Tl, were set. Measured activities of 214 Bi and 208 Tl were converted into uranium and thorium concentrations (in ppm), assuming the existence of equilibrium for uranium and thorium decay series. This is a common practice for this type of measurement, which is marked by eU and eTh notation instead of U and Th. For each measurement, detectors were deployed in the field using geometries as close
INTRODUCTION
The area of Nowa Ruda is an abandoned coal mining district located inside the mountain range of Sudetes in southwest Poland. The geological basement of the area is composed of Upper Carboniferous and Permian sediments bordered on the east by the Old Paleozoic gneisses of the Sowie Mts. Block and Gabbro -Diabase Massif of the Nowa Ruda. High uranium contents (ranging from 2 to 4 ppm) of some Carboniferous coal seams, conglomerates and Permian shales result in a high natural radon potential for the area. An important anthropogenic factor is the existence of numerous tailings (with uranium contents as high as 11 ppm).
Preliminary results (Buratynski et al., 2005; Solecki et al., 2007) have revealed atmospheric radon activity concentrations as high as 125 Bq m -3 . Because of this, a detailed study of uranium content in the geological basement and repeated monitoring of seasonal radon concentrations have been performed. as possible to 2Π. Sampling times ranged from 15 to 30 minutes, depending on the local radionuclide content, to reach statistically significant counts in all ROIs. The ambient temperature during measurements was between 5 and 25°C.
Meteorological data were obtained courtesy of the Meteorological Station in Nowa Ruda. Average values for the seasons were calculated based on this information.
RESULTS
The average (arithmetic mean) radon concentration calculated for all results obtained during 10 seasons at up to 77 positions in the Nowa-Ruda area was 70 Bq m -3 . This is significantly higher than the average value for Poland, which was reported to be 6.5 Bq m -3 (Jagielak et al., 1998) . Comparative measurements performed in the Sto ′ lowe Mountains, which are built of quartz sandstones having low uranium content, yielded results as low as 3 Bq m -3 . This indicates that no systematic error, which would shift data towards higher values, was observed in this study.
The Seasonal variations in atmospheric radon concentration, temperature, humidity, and pressure for the period between autumn 2004 and winter 2007 are presented in Fig. 2 . Correlations among meteorological parameters are presented in Fig. 3 . The calculated negative value of the correlation coefficient (R = -0.7) between temperature and humidity is relatively strong; however, there is a large gap between point clusters on the left and right sides of the graph. This artificially enhances the correlation coefficient. Moreover, data dispersion within these two clusters suggests that two different populations may exist. The calculated correlation coefficient between temperature and pressure is lower (R = 0.4), and its significance is doubtful. This relation is strongly influenced by two data points on the left side of the graph (Fig. 3) .
Correlations between atmospheric radon concentrations and meteorological parameters have been investigated by Moses et al. (1960) , Israelsson et al. (1972) , Pereira (1990) , Butterweck et al. (1994) , Nishikawa et al. (1995), and Dueňas et al. (1996) . Correlation coefficients were calculated for radon concentrations and meteorological data. The highest correlation coefficient value (R = 0.9) was obtained for atmospheric radon concentration and temperature. Lower correlation coefficient values were obtained using humidity (R = -0.6) or atmospheric pressure (R = 0.4). In last case, the correlation may be regarded as insignificant. For the correlation of radon concentration with basement uranium content, there is a strongly positive correlation (R = 0.9).
A list of atmospheric radon concentration variations at sites of various geological basements is shown in Fig.  5 . Radon concentration data collected from all sites during each season (autumn, winter, spring summer) have been standardized. From each result mean of the season has been subtracted and the result was divided by the standard deviation. In this way the sites are described by the values indicating how big is their deviation from the mean in the standard deviation units. In the upper part of the diagram, results from measurements within tailing areas are presented. These sites have the highest bedrock uranium content as well as the highest radon concentration. In the lower portion of Fig. 5 , sites from various lithological members of the Permian and Carboniferous sequence are presented. For the Upper and Lower Anthracosia shales, platy conglomerates, base sandstone, sandstones and conglomerates, uranium and radon concentrations are slightly higher. The remaining sites, especially the Quartz Conglomerate and Building Sandstone, are characterized by low uranium contents and low atmospheric radon concentrations. In Fig. 5 , data points circled by a black line are located close to the tailings. In these cases, an increase in atmospheric radon concentration can be observed despite the relatively low uranium content of the local basement. For this situation, radon that has exhaled and flowed down from the tailings, concentrating in local depressions, is responsible. Generally influence of exhalation tailings is stronger in winter because, they are not covered with snow due to their internal heat (coal remains oxidation), that is why seasonally standardized values are higher in the vicinity of tailing in winter when compared with other sites during the same season.
DISCUSSION
Surface radioactivity is strongly controlled by the local geology and structures (e.g., Durrance, 1986; Thomas et al., 1986; Kies et al., 2011; Mehra et al., 2011; Solecki and Tchorz-Trzeciakiewicz, 2011; Vaupotič et al., 2011; Wysocka, 2011; Yang et al., 2011) . Spatial variations in atmospheric radon concentrations on a global scale are connected with oceanic (low) and continental (high) areas, as determined by the character of the Earth's surface (Moore et al., 1974; Balkański and Jakob, 1990; Pereira, 1990) . Exposed continental crust, with relatively high uranium content (2.7 ppm; Durrance, 1986), contrasts strongly with oceanic areas, where ocean floor rocks having low uranium content (0.1-0.5 ppm; Rogers and Adams, 1969) are deep beneath the surface of the water. Ocean water has low uranium content (0.001-0.004 ppm; Roger and Adams, 1969), and its physical state does not promote radon emanation.
The global pattern described above may result in seasonal variations due to the long distance transport of air masses. This kind of variation may be detected in intermediate areas of generally low atmospheric radon concentration.
Fig. 5. Variation of the radon atmospheric activity in sites of various geological background (all values standardized) (see text for detailed discussion).
Results presented here indicate that, for mountainous areas, spatial variations should be considered as the primary factor. Spatial variations in atmospheric radon concentration were correlated with bedrock uranium content (Fig. 4) and the existence of tailings. The porous structure of tailings, which are composed of coarse-grained, crushed rock fragments, results in increased exhalation. Spatial variations in atmospheric radon concentration for the Nowa Ruda Area indicate a strong influence of local sources. Because of this, seasonal variations appear correlated with changes in local radon exhalation and not the distant transport of air masses from continental or marine areas. Results shown in Fig. 5 indicate that a shift of even a few hundred meters in the location of the monitoring position can strongly influence results.
The temperate climate of the area under investigation, having frost and snow in winter, high precipitation in spring and autumn, and relatively warm and dry summers has an influence on radon exhalation. The main factor in this seasonal fluctuation is air temperature, which influences radon diffusion in the uppermost portion of the ground. The influence of air humidity is secondary and weaker. However, it is still significant because it is interrelated with ground humidity, which can strongly reduce radon diffusion if it is too high.
CONCLUSIONS
The existence of porous tailings of coarse-grained rock fragments in the Nowa Ruda area of SW Poland was found to be the main reason for generally increased average atmospheric radon concentration, resulting in a mean value of 70 Bq m -3 for 77 monitoring locations. The tailing area had the highest atmospheric radon concentration, reaching a maximum value of 131 Bq m -3 in the summer of 2006.
Because of generally high average atmospheric radon concentrations, the seasonal variation (highest values were noted during summers, lowest during winters, and intermediate during springs and autumns) was mainly controlled by changes in local exhalation conditions, due to air temperature and humidity fluctuations. The influence of long distance transport from continental or oceanic air masses appears to be less significant, as strong local spatial differentiation was visible over the entire year.
In mountainous valleys having poor ventilation, where the geological basement is of differentiated uranium content and porosity, the local factor was found to strongly influence atmospheric radon concentrations. Local factors should be taken into account when planning a monitoring network.
